Objective-A custom-designed probe was developed to measure vocal fold surface resistance in vivo. The purpose of this study was to demonstrate proof of concept of using vocal fold surface resistance as a proxy of functional tissue integrity after acute phonotrauma using an animal model.
Introduction
The vocal folds are exposed to a variety of environmental and physical threats, including industrial pollutants, gastric reflux, and the biomechanical stresses associated with airflowinduced vocal fold oscillation. Repeated exposure to these external threats has been implicated in the breakdown of the vocal fold epithelium and disorganization of the lamina propria, and may be a contributing factor in the development of benign phonotraumatic vocal fold lesions. 1, 2 The vocal fold epithelium is made up of stratified, non-keratinized squamous cells, and serves as the outermost physical barrier. The structural integrity of the epithelium is maintained by junctional complexes which consist of tight junctions, adherens junctions, and desmosomes. In particular, tight junctions are responsible for intercellular signaling, while adherens junctions and desmosomes mechanically link adjacent cells to one another. 3, 4 The integrity of the junctional complex is critical in the protection of the underlying lamina propria from environmental irritants and phonation-induced mechanical stresses. 5 Interestingly, dilated vocal fold epithelial intracellular spaces are a clinicallyrelevant characteristic of damage to the epithelium from laryngopharyngeal reflux 6 , and are thought to contribute to the development of vocal fold pathology. 7 Our research group and others have reported evidence of a compromised vocal fold epithelial barrier after biomechanical tissue stress. 5 Scanning electron and transmission electron microscopy reveals structural changes to the epithelium, including reduced epithelial depth and microprojection height after transient episodes of phonotrauma (e.g., 30 minutes of raised intensity phonation), with complete obliteration of the epithelial cell surface after 120 minutes of experimentally induced phonation. However, very few studies have demonstrated the functional consequences of such changes to vocal fold structural integrity. Our overarching hypothesis is that epithelial damage and the subsequent changes to functional epithelial barrier integrity may contribute to the development of vocal fold pathology, including benign vocal fold lesions, inflammation, and scar. 5, 8 Therefore, it is critically important to consider these structural changes in the context of functional epithelial barrier integrity in order to more effectively guide clinical management of these patients.
Functional epithelial barrier integrity has been measured using in vitro and ex vivo systems. 7 Transepithelial electrical resistance (TEER) is a measure of electrical resistance through the epithelium, and reflects the ionic conductance of the paracellular and transcellular pathways. 9 TEER has been measured from excised tissues using Ussing systems and in vitro using EVOM2 (epithelial volt-ohmmeter) systems. [10] [11] [12] [13] In vivo approaches to measuring tissue resistance have been developed in other biological tissue systems. For example, Farré et al. have measured mucosal impedance in the esophagus of both animals and humans in vivo, using a multichannel intraluminal impedance tool that measures changes in conductivity to an electrical current by a pair of metallic rings mounted to a catheter. 10 These investigations have revealed a significant correlation between in vivo multichannel intraluminal impedance and ex vivo TEER measures. Farré et al. propose that mucosal impedance measures are a reflection of esophageal mucosal integrity. Similarly, Vaezi and colleagues have used in vivo real-time esophageal mucosal impedance and have reported decreased mucosal impedance at the site of erosive versus non-erosive mucosal regions, a finding of clinical importance in the treatment of patients with gastroesophageal reflux disease. 14 Clinical laryngology currently lacks such a diagnostic instrument capable of measuring vocal fold surface resistance in vivo in real-time. The benefits of such a clinical tool that can be used to measure functional tissue integrity in patients in a repeatable fashion over the course of treatment has significant clinical implications in the management of patients with benign and malignant laryngologic disorders, including head and neck squamous cell carcinoma. To address this need, our research group has developed a new system that can be used to measure vocal fold surface resistance in vivo. This tool applies a constant current between two probes on the surface of the vocal fold to measure the electrical resistance (kΩ) of the epithelial cell layer and surface secretions. To control for cell surface conditions across experiments, the use of humidified airflow and the clearing of surface secretions prior to probe contact with the epithelial surface is necessary to ensure accurate measurement within and between cell surface conditions.
In the current proof of concept study, we demonstrate the feasibility of using this system to measure in vivo changes in vocal fold surface resistance in response to acute phonotrauma within-subject and evidence that decreased surface resistance is associated with a structurally compromised vocal fold epithelial barrier, which has never been previously reported in the larynx. These data have important implications in the identification and management of patients with vocal fold disease.
Materials and Methods
In this study, a novel custom-designed probe was used to collect vocal fold surface resistance in vivo at three separate time points over the course of 120 minutes of experimentally induced phonation. Following each phonation procedure, transmission electron microscopy of the vocal fold epithelium was used to investigate structural damage to the epithelial cell surface. To ensure measurement consistency across animals, all experiments were performed using the same custom-designed probe, data collection protocol, and surgical procedures. The procedures used in this study were approved by the Institutional Animal Care and Use Committee at Vanderbilt University Medical Center.
Probe Design
A custom-designed resistance probe was engineered to measure electrical resistance in vivo across the surface of the rabbit vocal fold epithelium (Figure 1 ). The probe contained 2 leads, each made of 0.61-mm-diameter, 304 stainless steel rods. The leads were fixed centerto-center with a separation distance of 1 mm. The stainless steel leads were soldered to copper wires, which were routed inside a 150-mm-long stainless steel tube with an outside diameter of 3.0 mm and coupled to a control circuit. The probe was equipped with an instrument handle for phonomicrosurgery (Instrumentarium, Quebec, Canada).
An adjustable current source (ST Microelectronics LM134) provided a known current to the probe. The voltage across the leads of the probe was measured using a microcontroller. This allowed for the resistance between the probe leads to be calculated using a simple formula: R (resistance) = V (voltage)/I (current). The current source output was set to 6.77 μA, which resulted in a resistance measurement range of 0-480 kΩ. In the current series of experiments, data were sampled at a rate of 19.6 Hz and streamed to a computer over a serial connection. The probe was calibrated using several known resistance values and piloted using an ex vivo rabbit larynx prior to use in vivo.
In-Vivo Phonation and Measurement of Vocal Fold Surface Resistance
Ten New Zealand white breeder rabbits, weighing 2.6-3.4 kg were used in this experiment. Animals were randomized to receive 120 minutes of experimentally induced raised intensity phonation (experimental group) (n = 5) or continuous humidified airflow in the absence of electrical stimulation to the cricothyroid muscle (control group) (n = 5).
Phonation-The phonation procedure was performed as described in detail elsewhere. 15 Briefly, animals were anesthetized by intramuscular administration of ketamine (35 mg/kg), xylazine (5 mg/kg), and acepromazine (0.75 mg/kg). with maintenance doses of ketamine (17.5 mg/kg IM) and acepromazine (0.375 mg/kg IM) provided as needed. A midline incision was used to expose the larynx and trachea, the trachea was transected, and an endotracheal tube was inserted to provide a stable airway via a tracheostomy. A cuffed endotracheal tube (Mallinckrodt, Hennef, Germany) (3.5 mm) was inserted into the upper portion of the trachea to deliver humidified airflow to the glottis. Phonation was produced via electrical stimulation of the CT muscle. A Holinger-Tucker pediatric side-slotted laryngoscope was used to suspend the larynx and endoscopic video images of the larynx were captured using a 30° 2.7-mm rigid endoscope coupled to a Telecam-C camera (Karl Storz Endoscopy-America, Inc.).
Acoustic Measures-The acoustic measures were collected as described in detail elsewhere. 1 Briefly, acoustic measures of phonation intensity (dB SPL) were recorded at baseline and at 30-minute intervals. A microphone was positioned 10 cm from the opening of the laryngoscope. Recordings were digitized and the most stable 0.5-to 1.0-second portion of the acoustic waveform was analyzed to measure mean phonation intensity.
Phonation was recorded for each animal at modal intensity (humidified airflow =85 cm 3 /sec, minimum stimulation required to achieve audible phonation) and raised intensity (humidified airflow = 144 cm 3 /sec, electrical stimulation increased to induce phonation >5 dB over modal intensity). For the control condition, 144 cm 3 /sec of humidified airflow was delivered to the vocal folds in the absence of electrical stimulation.
Resistance Measures-Vocal fold surface resistance (kΩ) was measured during both the experimental and control conditions after 0 (baseline), 60, and 120 minutes. The customdesigned probe equipped with an endoscopic instrument handle was passed intraorally under endoscopic visualization using a 30° 2.7-mm rigid endoscope to make contact with the left vocal fold surface. The leads of the probe were placed on the medial surface of the midmembranous vocal fold and surface resistance was measured (Figure 2 A/B) . To ensure the reliability of measurements from trial-to-trial within and across animals, all measurements were recorded from the epithelial surface after direct probe contact was made for over 2 seconds. This was used to confirm that adequate contact was made between the probes and the vocal fold surface, and thus allowing for the capture of stable resistance measures. The average surface resistance measures for each animal were normalized against its baseline (0 minutes) resistance measure, and reported as relative change from baseline. Immediately after the phonation procedure, animals were euthanized and larynges were harvested.
Transmission Electron Microscopy-Following harvest, the left vocal fold was prepared for transmission electron microscopy (TEM). The vocal fold tissues were soaked in 2.5 % Glutaraldehyde solution at room temperature for one hour and then stored at 4° C for fixation. Tissue processing for TEM has been described in detail elsewhere. 12, 16 In brief, TEM images were acquired using a Philips CM-12 transmission electron microscope (FEI Company, Hillsboro, OR) for analysis of vocal fold epithelial surface damage.
Statistical Analysis-All data were analyzed using IBM SPSS 22.0 (International Business Machines Corp., Armonk, NY). The effect of raised-intensity phonation on vocal fold surface resistance was examined using the F-value in a one-way repeated measures analysis of variance (ANOVA) and pairwise comparisons made using Bonferroni post-hoc testing. The threshold for significance was determined using a p value of < 0.05.
Results
In vivo vocal fold surface resistance was measured to identify changes in vocal fold tissue integrity after acute phonotrauma ( Figure 3A) . Acoustic measurement of phonation intensity revealed that mean phonation intensity during experimentally induced raised intensity phonation was 62.9 dB (SD = 3.1) at baseline and maintained at 64.6 dB (SD = 2.6) throughout the 120 minute experiment. Consistent with previous experiments from our laboratory, the intensity of raised intensity phonation was significantly increased relative to modal intensity phonation. 1, 2, 17, 18 During raised intensity phonation, there was a significant main effect of time on vocal fold surface resistance, as demonstrated by ANOVA [F value (2, 8) = 6.967, p = 0.018]. Post-hoc testing revealed that vocal fold surface resistance decreased significantly from 0 minutes (baseline) to 120 minutes of experimentally induced raised intensity phonation (0.498 (95% CI, 0.165 to 0.831), p = 0.012; Figure 3B ). In the control condition, there were no significant differences in vocal fold surface resistance across time (F value (2, 8) = 0.239, p = 0.793; Figure 3C ).
TEM was used to evaluate structural changes to the vocal fold epithelial surface in response to 120 minutes of raised intensity phonation. The vocal fold epithelium in the control condition showed well-preserved stratified squamous epithelia with minimal desquamation or dilation of paracellular spaces ( Figure 4A, C) . In contrast, raised intensity phonation revealed extensive desquamation and dilation of paracellular spaces, which extended into the deep layers of the stratified squamous epithelial cell layers. Additionally, there was evidence of a disrupted basement membrane and dilated paracellular spaces in some specimens in the remaining intact epithelium (Figure 4B, D) . Further, epithelial cell surface microprojections were fragmented and density was significantly decreased in specimens exposed to experimentally induced raised intensity phonation.
Discussion
In this study, we describe the development of a custom-designed probe to measure vocal fold surface resistance in vivo. The purpose of the current series of experiments was to demonstrate proof of concept of using vocal fold surface resistance as a proxy of functional tissue integrity after acute phonotrauma. The experimental design involved the collection of repeated measures of vocal fold surface resistance over time to demonstrate intra-subject changes to the vocal fold surface in response to acute phonotrauma. Further, we investigated microscopic structural changes to the vocal fold epithelium in response to acute phonotrauma in order to determine the sensitivity of the custom-designed probe for detecting changes at the cellular level. Results revealed a strong relationship between reduced vocal fold surface resistance and transmission electron microscopic findings of extensive desquamation of the surface epithelium, disrupted basement membrane, dilated paracellular spaces, and alterations to epithelial surface microprojections after experimentally induced raised intensity phonation. In contrast, control vocal fold specimens showed well-preserved stratified squamous epithelia and intact paracellular spaces. Results revealed that the measurement of vocal fold surface resistance in vivo appears to provide a good proxy of functional vocal fold epithelial barrier integrity.
During raised intensity phonation, resistance values decreased significantly after 120 minutes of experimentally induced phonation. TEM after 120 minutes of raised intensity phonation revealed evidence of structural damage to the vocal fold epithelial surface. This finding was expected as the electrical current passing between the two probes on the vocal fold travels along the path of least resistance; therefore, damage to the epithelial cell surface and dilation of the paracellular spaces would result in decreased resistance and increased flow of current between the two measurement probes. These results provide preliminary evidence to demonstrate that damage to the vocal fold epithelial barrier is associated with decreased vocal fold surface resistance. Further, we have previously shown that the depth of the viable vocal fold epithelium is significantly decreased following 60 and 120 minutes of raised intensity phonation. 8 Thus, the strong relationship between morphological tissue changes and surface resistance values provides support for the sensitivity of using vocal fold surface resistance as a proxy for functional vocal fold epithelial barrier integrity.
Previous studies of epithelial barrier integrity describe the use of Ussing chambers as a "gold standard" for determining TEER in ex vivo tissue [10] [11] [12] [13] . This technique is inherently challenging to perform using rabbit vocal folds; indeed the small size of rabbit vocal fold tissue makes it particularly challenging to achieve a complete seal when mounting these tissues in lucite chambers using O rings. Further, the use of pins to mount these tissues in lucite chambers creates edge damage around the measurement surface area. Given these challenges, it was not possible to make comparisons between in vivo and ex vivo TEER using rabbit vocal folds. As such, porcine or canine vocal folds may be very useful for further validation of vocal fold surface resistance. The present study provides proof of concept for measurement of vocal fold surface resistance in vivo.
In our experiments, albeit we control for surface hydration by using humidified airflow across conditions, epithelial surface secretions may fluctuate in response to vocal fold injury. Therefore, the measurement of electrical resistance across the surface of the vocal fold is likely influenced by both tissue electrical conductivity, and by the conductivity of the secretions on the vocal fold surface and within the paracellular spaces. Based on what is known about the regulation of vocal fold surface fluid, 7, [19] [20] [21] [22] and the conductivity of surface secretions, [23] [24] [25] the influence of functional changes in surface fluid on vocal fold surface resistance should be controlled. Vocal fold surface fluid is maintained, in part, through ion and water transport 7 , and these biologic mechanisms are mediated by specific pumps and channel proteins located on epithelial cell membranes. This ion transport system is influenced by various challenges, including ionic and osmotic perturbations, 26 simulated reflux, 13 and pollutants 27 , and perturbations to ion transport result in subsequent changes to surface fluid. Of specific interest to our research group is the effect of phonotrauma on these epithelial ion transport mechanisms. This bioactive response of the vocal fold epithelium may serve a salient physiologic role in protection of the vocal folds from injury, as some studies have revealed an increase in secretory volume and viscosity in patients with vocal fold pathology. 28, 29 The resistance probe developed in the present series of experiments may be useful to investigators interested in investigating the bioactive function of the vocal fold epithelium, and to clinicians as a diagnostic instrument used to assess mucosal tissue integrity before and after medical and surgical interventions. Indeed, during the development of vocal fold pathology, we hypothesize that changes to the epithelial cell surface precedes changes in vocal fold surface resistance. Therefore, we suspect that the excision of vocal fold lesions and restoration of the vocal fold surface to its non-diseased state would return surface resistance to more typical physiological values. Thus, the use of surface resistance may provide an effective assessment of vocal fold tissue pre-and post-treatment.
In a subsequent pilot experiment, the sensitivity of the resistance probe to changes in surface fluid was investigated. In this pilot study, the probe was able to detect a 19% decrease in surface resistance between laryngeal tissue maintained in a hydrated state using a topical saline drip and laryngeal tissue in a desiccated state from drying of the surface with gauze (0.19 +/− 0.04 (mean +/− standard error), t (10) = 5.063, p = 0.0005). These preliminary data provided increased confidence that any functional changes in the status of secretions of the vocal fold surface would be detected by the resistance probe used in the present study given its sensitivity in detecting hydrated and desiccated vocal fold surface conditions. Interestingly, it has been suggested anecdotally that benign vocal fold lesions are often associated with the presence of thick secretions on the surface of the vocal folds. These surface secretions may serve an important physiologic role. However, excessively thick and purulent secretions on the vocal fold cell surface may be detrimental to phonation and warrant mucolytic or pharmacologic management. These areas remain ripe for future investigation.
While no differences in surface resistance were observed between baseline, 60 minutes and 120 minutes (p = 0.793), intersubject variability was observed at 60 minutes (p <0.0001, 0.99 +/− 0.05, mean +/− standard error) and 120 minutes (p <0.0001, 1.02 +/− 0.04; Figure  3C ). As mentioned already, epithelial surface conditions likely impact surface resistance, in addition to other endogenous and exogenous factors, including but not limited to sampling location, the presence of mucus on the vocal folds, operator technique, and equipment precision. Fortunately, epithelial surface resistance between the experimental and control conditions were discrete enough to be picked up by the measurement probe in the present investigation; however users should utilize appropriate clinical judgement and care in future clinical applications of this measure to minimize variability and preserve measurement fidelity.
Yet another important consideration in the design and future development of the vocal fold surface resistance probe is that it is capable of insertion through the working channel of a flexible distal chip laryngoscope to allow for in-office procedures under local anesthesia. Measurement fidelity is also important and thus contact with the vocal fold surface for 2 seconds is ideal. However, improvements in the design and sensitivity of the probe should be incorporated in future design prototypes to allow for more rapid measurement of the epithelial cell surface. A tool that can provide reliable diagnostics in the office would be of great benefit to surgeons; eliminating the need to take patients to the operating room for exploratory direct microlaryngoscopy and reducing risk from general anesthesia. In order to assess the safety of the probe following repeated measurement of the mucosal surface of the vocal fold, control specimens were evaluated using TEM to assess for any changes to the vocal fold epithelium from probe insertion and repeat measurement. TEM images revealed no evidence of epithelial structural changes in control specimens, an important consideration for eventual clinical application.
With proof of concept demonstrated, studies are now underway to investigate the effects of phonotrauma on epithelial ion and water transport mechanisms. Experiments are also planned to investigate the effects of increasing time-doses and magnitude-doses of phonation on vocal fold surface resistance, functional epithelial barrier integrity, and the effects of phonotrauma on the composition and volume of excretory surface secretions. A recent study undertaken by our group to investigate repair mechanisms of the vocal folds after 120 minutes of raised intensity phonation identified structural damage to the microprojections of the vocal fold epithelium at 0, 4, 8, and 24 hours after phonotrauma 30 . At day 3 after phonotrauma complete regeneration of the epithelial surface with microprojection height and density similar to controls was observed. Thus, relative to surface resistance, we would expect the surface damage observed within the first 24 hours after phonotrauma to be associated with decreased vocal fold surface resistance, followed by return of surface resistance values to more typical physiological levels by day 3 after phonotrauma (the time point in which recovery of surface projections is complete).
Conclusions
The vocal fold epithelium is a biologically active and tightly regulated tissue that responds to internal and external cellular perturbations. Epithelial barrier integrity is thus an important and clinically salient variable that can provide relevant information about vocal fold tissue homeostasis and objective information to demonstrate the efficacy of medical and surgical management of vocal fold disease. The resistance probe developed in the present study provides proof of concept to demonstrate the feasibility of measuring vocal fold surface resistance in vivo to evaluate functional vocal fold epithelial barrier integrity. The measurement of vocal fold surface resistance in vivo may provide an important advance in clinical laryngology. Custom-designed probe for measurement of mucosal resistance in vivo. The probe leads were 0.61 mm diameter stainless steel rods with a center-to-center separation distance of 1 mm. The leads were kept at a fixed separation distance by spacers and the probe was equipped with an instrument handle for laryngomicrosurgery. Demonstration of the measurement of mucosal resistance using the custom-designed probe in a rabbit larynx. A) Schematic of probe placement through the working channel of a sideslotted pediatric laryngoscope. B) Placement of the custom-designed probe leads on the middle 1/3 of the left vocal fold. The probe is shown in profile, with both leads placed upon the left vocal fold. Non-normalized (kΩ) and relative vocal fold surface resistance (A). Relative vocal fold surface resistance after 0 (baseline), 60, and 120 minutes of experimentally induced raised intensity phonation (B) and control condition (C). Resistance was significantly decreased after 120 minutes of raised-intensity phonation (p = 0.012). There were no significant differences in mucosal resistance across time in the control condition (p = 0.793). Transmission electron microscopy of the (A, C) control vocal fold and (B, D) Vocal fold following 2 hours of raised intensity phonation, revealing extensive desquamation and disruption of epithelial cells in the experimental vocal fold (B) compared to the control condition (A). The vocal fold epithelium in the (C) control condition showed well-preserved stratified squamous epithelia and paracellular spaces. Consistent with previous studies from our group, there was also evidence of basement membrane zone disruption and dilation of paracellular spaces in vocal folds exposed to (D) 2 hours of raised intensity phonation. The lighter staining identified in TEM images of vocal folds after 2 hours of raised intensity phonation reveals apoptotic cells. ECs: Epithelial cells, LP: Lamina propria, Arrow: Disrupted basement membrane, Arrow head: paracellular space.
